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Watershed total maximum daily loads for Hg are estimated from ﬁsh Hg Bioaccumulation Factors (BAFs).
 Fish mercury BAFs are ratios of concentrations of Hg in ﬁsh (Hgﬁsh) and in water (Hgwater).
 Hgﬁsh estimates are sensitive to sampling and data-treatment methods.
 Length normalization and standardization reduced variability in Hgﬁsh estimates up to 50%.
 Sampling at least 8 trout or 5 bass resulted in mean Hgﬁsh coefﬁcients of variation less than 20%.a r t i c l e i n f o
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Fish Bioaccumulation Factors (BAFs; ratios of mercury (Hg) in ﬁsh (Hgﬁsh) and water (Hgwater)) are used to
develop total maximum daily load and water quality criteria for Hg-impaired waters. Both applications
require representative Hgﬁsh estimates and, thus, are sensitive to sampling and data-treatment methods.
Data collected by ﬁxed protocol from 11 streams in 5 states distributed across the US were used to assess
the effects of Hgﬁsh normalization/standardization methods and ﬁsh-sample numbers on BAF estimates.
Fish length, followed by weight, was most correlated to adult top-predator Hgﬁsh. Site-speciﬁc BAFs based
on length-normalized and standardized Hgﬁsh estimates demonstrated up to 50% less variability than
those based on non-normalized Hgﬁsh. Permutation analysis indicated that length-normalized and
standardized Hgﬁsh estimates based on at least 8 trout or 5 bass resulted in mean Hgﬁsh coefﬁcients of
variation less than 20%. These results are intended to support regulatory mercury monitoring and
load-reduction program improvements.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).1. Introduction
1.1. Water quality criterion for methylmercury
In 2001, the U.S. Environmental Protection Agency (USEPA)
issued a water quality criterion for methylmercury (MeHg) of
0.3 lg g1 wet ﬁsh muscle tissue for protection of human health
(U.S. Environmental Protection Agency, 2001b). MeHg is toxic,
highly bioaccumulative, and the primary form of mercury (Hgﬁsh)
in top-predator game ﬁsh (Huckabee et al., 1979; Grieb et al.,1990; Bloom, 1992; U.S. Environmental Protection Agency, 2010).
Global atmospheric mercury (Hg) supply and efﬁcient conversion
to MeHg in sensitive ecosystems such as wetlands and evergreen
forests have led to elevated (exceeding 0.3 lg g1 wet tissue) Hgﬁsh
concentrations in many aquatic ecosystems across the US (U.S.
Environmental Protection Agency, 2001a; Peterson et al., 2007;
Chasar et al., 2009; Scudder et al., 2009).
1.2. Fish mercury bioaccumulation factors
Bioaccumulation Factors (BAFs) can be applied in Hg-impaired
waters to estimate Total Maximum Daily Load (TMDL), the
maximum Hg supply to a water body that meets the USEPA water
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terion is unusual in its use of a ﬁsh tissue concentration as a water
quality criterion, USEPA 2010 guidelines allow calculation of a
water Hg (Hgwater) concentration criterion based on a Hgﬁsh BAF
(U.S. Environmental Protection Agency, 2010). The preferred
approach divides the 0.3 lg g1 Hgﬁsh human-health criterion by
a site-speciﬁc Hgﬁsh BAF, calculated as follows:
BAF ¼ Cb=Cw ð1Þ
where BAF is the Bioaccumulation Factor in L kg1, Cb is the Hgﬁsh
concentration in mg kg1 wet weight, and Cw is the Hgwater concen-
tration in mg L1 (U.S. Environmental Protection Agency, 2010). The
USEPA (U.S. Environmental Protection Agency, 2010) allows for cal-
culation of BAF based on MeHg or total Hg in water (empirical com-
parison provided in Riva-Murray et al., 2013a). Although water is
the denominator in the BAF equation, it is understood that diet is
the dominant mechanism of ﬁsh MeHg uptake (Hall et al., 1997).
Due to foodweb uptake and biomagniﬁcation (net increase with tro-
phic position), Hgﬁsh concentrations for adult top-predator game
ﬁsh can be more than a million (106) times higher than Hgwater con-
centrations (i.e., log10 Hgﬁsh BAF = 6) (Rudd, 1995; Ullrich et al.,
2001; Grigal, 2003).
1.3. Sources of BAF variability
Protection of human health depends directly on the accuracy of
site-speciﬁc estimates of Hgﬁsh and Hgwater and the predictability of
the relation between these parameters (Murray and Burt, 2001).
BAF variability can be viewed as resulting from two conceptual
drivers: (1) ecological variability (signal) due to ecosystem-speciﬁc
differences in Hg uptake and accumulation and (2) methodological
variability (noise) due to, for example, differences in species, sex,
weight, length, age, trophic position, tissue type, collection season,
and Hg analysis (U.S. Environmental Protection Agency, 2001b).
Thus, minimizing methodological variability in Hgﬁsh (numerator)
and Hgwater (denominator) is critical to BAF-based Hg-risk
management.
1.4. Aims
This paper focuses on two speciﬁc ﬁsh-sampling and data-treat-
ment components: (1) numbers of ﬁsh collected and (2) Hgﬁsh nor-
malization/standardization metrics (weight, length, age, or trophic
position). Optimal Hgﬁsh sampling balances resource expenditures
while minimizing methodological variability. Thus, although Hgﬁsh
normalization/standardization, particularly by length, is commonTable 1
Site names and basin characteristics for 11 streams sampled in Oregon, Wisconsin, New Y
Site USGS station name USGS station
number
La
(de
de
LKTOR Lookout Creek near Blue River, OR 14161500 44
BEAOR Beaverton Creek at SW216th Ave near Orenco, OR 14206435 45
PIKWI Pike River near Amberg, WI 04066500 45
EVRWI Evergreen River blw Evergreen Falls near Langlade, WI 04075365 45
FB3NY Fishing Brook (County Line Flow) near Newcomb, NY 0131199050 43
HUDNY Hudson River near Newcomb, NY 01312000 43
MC3bSC McTier Creek near New Holland, SC 02172305 33
ER1SC Edisto River near Cottageville, SCa 02174175 33
STMFL St. Mary’s River at Boulogne, FLb 02231220 30
WEKFL Little Wekiva River near Longwood, FL 02234998 28
SNTFL Santa Fe River near Fort White, FL 02322500 29
a Water was collected from Edisto River near Givhans, SC (02175000), downstream o
b Water was collected from St. Mary’s River at Macclenny, FL (02231000), as were tw
Mary’s River at Boulogne, FL.in BAF calculations (U.S. Environmental Protection Agency,
2001b, 2010), an empirical evaluation of the relative merits of dif-
ferent normalization/standardization metrics (age, trophic posi-
tion, weight, length) is lacking. Herein, stream-water MeHg
concentration and top-predator-ﬁsh Hg concentration, age, size,
and base-adjusted trophic position data collected using a standard-
ized protocol from 11 streams spanning large gradients in environ-
mental setting and atmospheric mercury deposition across the
United States during 2003–2009 are employed to address this
information gap. Optimization of BAF Hgwater sampling methodol-
ogies (such as collection, timing, ﬁltration, and analysis of MeHg
versus THg) is addressed elsewhere (Riva-Murray et al., 2013b).2. Materials and methods
2.1. Study areas
Study areas (Table 1) (described in detail in, Bell and Lutz, 2008;
Scudder Eikenberry et al., 2012) were part of a broader evaluation
of Hg cycling and bioaccumulation that included standardized,
coordinated, and intensive collections of biota, water, and sedi-
ment over time. Sampling was conducted during 2003–05 (OR,
WI, and FL) and 2007–09 (NY and SC). Study streams represented
wide ranges in basin size, landscape type, stream-water chemistry,
and atmospheric Hg loading (Bell and Lutz, 2008; Brigham et al.,
2009; Chasar et al., 2009; Bradley et al., 2011; Riva-Murray et al.,
2011; Scudder Eikenberry et al., 2012). Stream gages at each study
stream provided continuous discharge data for calculation of ﬂow-
weighted ﬂuvial mercury concentrations (Journey et al., 2012; U.S.
Geological Survey, 2013; Riva-Murray et al., 2013c). Atmospheric
deposition is the primary source of mercury to all study sites. Thus,
this study does not address major point sources or strong gradients
in ﬂuvial Hg.2.2. Sample collection and processing
Ultra-clean methods were used for collection and analysis of
biota samples. Biological data, detailed collection and analytical
methods, and quality control data are provided elsewhere (Bell
and Scudder, 2004; Chasar et al., 2008; Scudder et al., 2008;
Beaulieu et al., 2012). Data used herein are summarized in Sup-
porting Information Table 1. Top predator game ﬁsh (1–2 species)
were collected one to ﬁve times from each site and analyzed for
Hgﬁsh and for nitrogen stable isotopes (d15N). Widely ranging envi-
ronmental settings precluded a single ﬁsh taxon across all sites.ork, South Carolina, and Florida for U.S. Geological Survey Mercury Studies, 2003–09.
titude
cimal
grees)
Longitude
(decimal
degrees)
Drainage
basin
area (km2)
Dominant
Land
use/land cover
Wetland
(%)
.209571 122.256733 62 Forested 0
.520672 122.899547 96 Urban 0.3
.499965 88.000115 660 Forested 18
.065810 88.676217 167 Forested 13
.977389 74.270417 66 Forested 8.2
.966174 74.130704 493 Forested 6.7
.717500 81.607500 79 Forested 8.2
.054612 80.449266 5341 Forested 16
.776389 81.978889 3311 Forested 37
.703608 81.392014 115 Urban 5.3
.848848 82.715120 2592 Forested 18
f ﬁsh collection site at Cottageville, SC.
o of the 22 largemouth bass; remaining largemouth bass were collected from St.
Table 2
Correlationsa between Fish Biometrics and Mercury in Skinless Standard Fillets Collected from 11 Streams, 2003–09.
Siteb Weight Length Age Trophic position Nc Fish Fish common named
Trout
LKTOR nce nc nc nc 17 CTT Cutthroat/Rainbow trout
(17)f (17) (13) (13)
BEAOR 0.79* 0.79* nc 1.00** 7 CTT Cutthroat trout
(7) (7) (4) (5)
PIKWI nc nc nc nc 15 BNT Brown trout
(15) (15) (12) (15)
EVRWI 0.65** 0.70** nc 0.23 17 BNT Brown trout
(17) (17) (17) (11)
FB3NY nc nc nc nc 7 BKT Brook trout
(7) (7) (5) (5)
Bass
HUDNY 0.55 0.64** 0.36 0.38 10 SMB Smallmouth bass
(10) (10) (10) (10)
MC3bSC nc nc nc nc 6 LMB-WMB Largemouth bass (3)/Warmouth (3)
(6) (6) (5) (5)
ER1SC 0.53* 0.80** 0.57* 0.37 16 LMB Largemouth bass
(16) (16) (15) (15)
STMFL 0.64** 0.66** 0.28 0.53* 22 LMB Largemouth bass
(22) (22) (10) (10)
WEKFL 0.59** 0.56** nc nc 24 LMB Largemouth bass
(24) (24) (8) (8)
SNTFL 0.61* 0.68** 0.52* 0.20 15 LMB Largemouth bass
(15) (15) (15) (15)
a Spearman rank coefﬁcient (rho, q) shown except at BEAOR, where Kendall’s Tau (s) was used; asterisk (*) indicates p<0.05; double asterisk (**) indicates p<0.01.
b Site abbreviations and locations are provided in Table 1.
c N, number of ﬁsh collected.
d Scientiﬁc names of ﬁsh are as follows: Cutthroat trout, Oncorhynchus clarki; rainbow trout (Columbia River Redband trout), O. mykiss gairdneri; brown trout, Salmo trutta;
smallmouth bass, Micropterus dolomieu; largemouth bass, M. salmoides; warmouth ‘‘bass’’, Chaenobryttus gulosus.
e nc, not characterized due to narrow range of Hg or biometric values or an insufﬁcient number of samples.
f Numbers in parentheses are number of samples in the comparison.
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dae) at the cool- and cold-water sites in NY, OR, and WI, large-
mouth bass (Micropterus salmoides) at warmwater sites in FL and
SC, and smallmouth bass (Micropterus dolomieu) at Hudson River
in NY (HUDNY) (Table 2). Warmouth bass (Chaenobryttus gulosus)
was also collected at McTier Creek in SC (MC3bsc) due to low large-
mouth bass availability. Warmouth and largemouth bass are Cen-
trarchids (family: Centrarchidae) and highly piscivorous as adults
(Rohde et al., 1994; Beaulieu et al., 2012). Because no signiﬁcant
differences in trophic position, length, or Hg were found between
collected warmouth and largemouth bass, data for both species
were pooled for MC3bsc and collectively termed ‘bass’. Fish were
collected by electroﬁshing, angling, or netting. Lengths corre-
sponding to 3–4 years of age were targeted, because older top-
predator ﬁsh exhibit the highest Hgﬁsh concentrations and, thus,
represent the greatest threat to human health. However, a wider
range of sizes was collected from most sites to obtain sufﬁcient
numbers of specimens.
Fish trophic positions were estimated from d15N that was
adjusted (Kidd et al., 1995; Anderson and Cabana, 2007) for site-
to-site variation in basal d15N by subtracting mean d15N from
periphyton samples collected from selected habitats at each site,
as described elsewhere (Bell and Scudder, 2004, 2007; Beaulieu
et al., 2012; Riva-Murray et al., 2013b, 2013c). Periphyton was
used instead of a common lowest trophic-level consumer (Chasar
et al., 2009), because no single primary consumer species/feeding
guild was available across all sites (Beaulieu et al., 2012; Riva-
Murray et al., 2013b). Axial muscle tissue was analyzed for total
Hg at the Trace Element Research Laboratory (TERL, Texas A & M
University, College Station, Texas) with USEPA Method 7473 (U.S.
Environmental Protection Agency, 1998). Subsamples of freeze-
dried and ground periphyton and ﬁsh tissues collected from OR,
WI, and FL were analyzed for d15N at the USGS National Research
Program Isotopic Tracers Laboratory (Menlo Park, CA) using a CarloErba 1500 elemental analyzer interfaced with a Micromass Optima
continuous-ﬂow isotope ratio mass spectrometer (Kendall et al.,
2001). Samples for NY and SC were analyzed for d15N at the Stable
Isotope Geochemistry Laboratory (Florida State University, Talla-
hassee, FL) with a ThermoQuest NC2500 Elemental Analyzer inter-
faced with a Finnigan MAT Delta Plus XP isotope ratio mass
spectrometer. Precision and accuracy for isotopic ratios were less
than 0.2 per mil for d15N. Results, collection and analytical method
details, and quality control data for Hgwater are provided elsewhere
(Brigham et al., 2008; Journey et al., 2012; Riva-Murray et al.,
2013b).
2.3. Data treatment
Fish–Hg concentrations were converted to wet weight basis by
use of a data set mean and median value of 80 percent moisture
(80.1 + 2.1, mean + standard deviation), in agreement with the
average ﬁsh-ﬁllet moisture value reported by Murray and Burt
(2001). Use of actual percent moisture to convert ﬁsh Hg concen-
trations from dry-weight to wet-weight resulted in a data set mean
difference of <0.6% in Log10 BAF values (Supporting Information
Table S1). Hgﬁsh for each specimen was normalized variously by
dividing by weight, total length, age, or trophic position. To mini-
mize within-site variability in the BAF numerator, length-normal-
ized Hgﬁsh concentrations were subsequently standardized to the
sample mean by multiplying by the site-speciﬁc mean length for
the species (length data are provided in Supporting Information
Table S1). Length-normalized and standardized Hgﬁsh are identiﬁed
hereafter as Hgﬁsh [LTNS]. Mann–Whitney and Kruskal–Wallis test-
ing identiﬁed no signiﬁcant (p < 0.05) within-site seasonal or
yearly differences in Hgﬁsh [LTNS] concentrations at 6 of 9 sites
where ﬁsh were collected more than once. Low sample numbers
precluded statistical assessment of temporal variation at the
remaining 3 sites. Therefore, seasons and years were not separated
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Hgﬁsh concentrations were not examined in cases where there
was a narrow range of ﬁsh sizes, ages, or trophic positions or
an insufﬁcient number of values for one or more biometrics or
ﬁsh–Hg concentrations. Trophic-position normalized Hgﬁsh are
identiﬁed hereafter as Hgﬁsh [TP]. Monson (2009) showed that for
top-predator Hgﬁsh from Minnesota lakes, the averaging method
(used here) and the ordinary least-squares regression method for
length normalization were strongly correlated and interchangeable
(Monson, 2009). Relations between Hgﬁsh concentrations and ﬁsh
length, weight, age, and trophic position were evaluated with
Spearman’s rho (rs), except that Kendall’s tau (s) was used in eval-
uations of one site where the sample size was less than 10 (Table 2).
All statistical tests were evaluated at a signiﬁcance level of p < 0.05,
unless otherwise stated.
At each site, Hgﬁsh concentrations were compared to mean and
90th percentile concentrations of MeHg in ﬁltered water (FMeHg)
calculated over a period of 365 d immediately preceding ﬁsh sam-
pling. FMeHg statistics were calculated using daily FMeHg concen-
trations derived from rating-curve analyses that account for
variation in FMeHg as a function of streamﬂow and season
(Brigham et al., 2009; Bradley et al., 2013; Riva-Murray et al.,
2013b). For Lookout Creek in OR (LKTOR), the 90th percentiles for
FMeHg were set at the MDL of 0.04 ng L1 because 40 of 43 mea-
surements were less than the MDL and two concentrations were
at the MDL. The 90th percentile statistic for the antecedent 365-
d period was used herein, because statistics representing higher
concentrations (80th percentile and above) accounted for the most
variation in Hgﬁsh (Riva-Murray et al., 2013b). The 365-d mean is
presented for comparison, because it is commonly employed in
BAF calculations.
A statistical permutation analysis similar to that of Paller et al.
(2004) was used to assess effects of ﬁsh sample numbers on esti-
mates of mean Hgﬁsh at each site. Means and standard deviations
of 1000 permutations were calculated for random subsamples
drawn, with replacement, from the Hgﬁsh dataset for each site.
Coefﬁcients of variation (CV; the standard deviation divided by
the mean, expressed as a percentage) and 95% conﬁdence intervals
for subsample means were computed for sample sizes ranging
from 3 to 25, with 3 being the minimum number of ﬁsh collected
and 25 being one more than the maximum number of ﬁsh col-
lected at any site in this study.3. Results and discussion
Mean Hgﬁsh concentrations for trout were below the 0.3 lg g1
human health criterion in all cases and below the 0.1 lg g1 con-
cern level for piscivorous mammals (Yeardley et al., 1998) at fourFish Length (cm)
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Fig. 1. Relation between Hgﬁsh and ﬁsh length for trout (left) and bass (right). Upper and
piscivorous mammals, respectively. Site abbreviations in Table 1.of six sites. Fishing Brook in NY (FB3NY) had the highest mean Hgﬁsh
for trout (Fig. 1). In contrast, mean Hgﬁsh for bass exceeded the
USEPA 0.3 lg g1 human health criterion and the 0.1 lg g1 (wet
weight) concern level for piscivorous mammals (Yeardley et al.,
1998) in all cases. The highest mean and individual Hgﬁsh concen-
trations were observed at St. Marys River in FL (STMFL).
3.1. Relation of ﬁsh biometrics and tissue Hg concentrations
Fish length, followed by weight, was the biometric most highly
correlated with Hgﬁsh (Table 2). The correlation between Hgﬁsh and
length was stronger for bass than trout (Fig. 1), primarily because
bass generally exhibited greater within-site variation in both
parameters. Because ﬁsh length was the most highly correlated
biometric in most cases, is easily obtained, and is widely measured,
subsequent analyses in this paper focused primarily on Hgﬁsh [LTNS]
for BAF derivation.
Trophic position varied signiﬁcantly within and between trout
and bass sites, with trout occupying signiﬁcantly lower trophic
positions than bass (Fig. 2). Mean trophic position ranged from
2.3 to 3.6 in trout and from 3.03 to 4.0 in bass. The highest trophic
value observed for bass was 4.0 for largemouth and warmouth at
MC3bSC. These results illustrate that attempts to generalize the tro-
phic position of top-predator game ﬁsh based on species alone is
problematic, especially if that general trophic position is used to
normalize Hgﬁsh. Analysis of stable isotopes in ﬁsh tissues is neces-
sary to accurately characterize trophic position. Thus, comparable
correlations of length and trophic position with Hgﬁsh in this study
and the comparative simplicity of length determinations, argue for
length normalization/standardization of Hgﬁsh in BAF calculation.
3.2. Correlation of water MeHg with Hgﬁsh
Trophic-position normalized Hgﬁsh (Hgﬁsh [TP]) data were used to
assess the correlation between Hgﬁsh and FMeHg across trout and
bass sites (Fig. 3), because trout and bass have known differences
in the degree of piscivory and the range of mean trophic positions
among sites (Fig. 2). Hgﬁsh [TP] was positively correlated to
FMeHg (Fig. 3). The strongest correlation was observed with
FMeHg(365d-90th) (q = 0.85, p < 0.01) rather than FMeHg(365d-mean)
(q = 0.81, p < 0.01), consistent with ﬁndings reported elsewhere
(Riva-Murray et al., 2013b). Comparable correlation was observed
between Hgﬁsh [LTNS] and FMeHg(365d-90th) (q = 0.84, p < 0.01).
3.3. Optimized BAFs for study sites
Larger interquartile ranges indicating lower predictability
were observed in most cases when BAFs were calculated usingFish Length (cm)
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Hgﬁsh [LTNS] concentrations (Supporting Information Table S1) in
the numerator and FMeHg(365d-90th) concentrations (Riva-Murray
et al., 2013b) in the denominator (Fig. 4). Log10 BAFs derived using
non-normalized ﬁsh–Hg concentrations (Hgﬁsh) were compared to
evaluate the inﬂuence of Hgﬁsh [LTNS] on resulting Log10 BAFs. For
Hgﬁsh [LTNS] concentrations, mean log10 BAFs ranged from 5.74
(trout at LKTOR) to 6.45 (bass at HUDNY), and trout BAFs were con-
sistently lower than bass BAFs. Comparisons of Hgﬁsh [LTNS]-based
and Hgﬁsh-based BAF results indicate that length normalization
and standardization of Hgﬁsh concentrations reduced within-site
BAF variability by as much as 50%.
Although the draft national BAFs are considered the USEPA’s
least preferred method for estimating site-speciﬁc BAFs (U.S.
Environmental Protection Agency, 2010), it is instructive to com-
pare those draft BAFs with the BAFs derived in two USGS assess-
ments conducted across national gradients using standardized
sample collection and analysis methods. In the current study, opti-
mized BAFs for trout and bass, using the 90th percentile ﬂuvialLo
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Fig. 5. Permutation results showing the effect of ﬁsh numbers on coefﬁcients of variation (CVs) for length normalized and standardized ﬁsh Hg (Hgﬁsh [LTNS]; left)
concentrations and non-normalized ﬁsh Hg (Hgﬁsh; right) concentrations in trout (top) and bass (bottom) at sample sites. Site abbreviations in Table 1. Red ellipse indicates
sample size where CV 6 20%.
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National log10 BAFs for top-predator game ﬁsh from lotic systems
(5.71 for trophic position 3 ﬁsh such as trout; 6.09 for trophic posi-
tion 4 ﬁsh such as bass), shown by the dashed line in Fig. 4 (see
Appendix A-8 in U.S. Environmental Protection Agency, 2001b).
This supports the argument that national BAFs, though less pre-
ferred, can still be useful if detailed site data are lacking. Likewise,
(Scudder et al., 2009) reported differences among species in mean
log10 BAFs for composited samples of several ﬁsh species, including
rainbow-cutthroat trout (6.26 ± 0.36, n = 19), brown trout
(5.87 ± 0.34, n = 9), largemouth bass (6.58 ± 0.47, n = 33), and
smallmouth bass (6.41 ± 0.43, n = 15). These values underscore
the basic differences in BAFs among ﬁsh species within the broader
trout or bass groupings.
3.4. Optimized number of collected ﬁsh
Management decisions regarding the number of ﬁsh collected
at a site are attempts to balance inclusion of enough individuals
to minimize ‘‘noise’’ in the results and the costs of sampling and
analysis. Targeted coefﬁcients of variation (CVs) will vary depend-
ing on these decisions. For this study, an upper CV limit of 20% was
selected as a reasonable balance between acceptable variation in
mean Hgﬁsh and constraints on ﬁsh sample numbers (i.e. funding,
personnel, and ﬁsh availability). Permutation analyses indicated
that CVs below 20% for mean Hgﬁsh [LTNS] concentrations were
achieved at minimum sample sizes of 7–8 trout and 4–5 bass, with
95% conﬁdence intervals (Fig. 5). In contrast, 10 trout and 7–8 bass
were required to achieve a CV below 20% for mean Hgﬁsh (i.e., non-
normalized/standardized) concentrations. Sample sizes greater
than these minimum values may provide a margin of error, but
the largest change in CV occurred at lower sample numbers.
Currently, no standard recommendations exist for number and
size of ﬁsh to collect when deriving MeHg BAFs. Considerable dif-
ferences exist between state regulatory agencies with regard to
number of ﬁsh collected (see for discussion Appendix A of U.S.Environmental Protection Agency, 2001a). If Hgﬁsh CVs less than
20% meet management objectives, our results indicate that site-
speciﬁc BAFs for trophic level 3 or 4 ﬁsh may be optimized using
length-normalized and standardized Hgﬁsh concentrations (i.e.,
Hgﬁsh [LTNS]) based on at least 7–8 adult trout or 4–5 adult bass of
a single species. Length-normalization/standardization is less crit-
ical where size or length variation has been restricted during ﬁsh
sampling but is still recommended because length data are rou-
tinely collected during BAF assessments. Combined with earlier
work (Riva-Murray et al., 2013b) focused on BAF ﬂuvial MeHg
assessment, these results should aid further reﬁnement of regula-
tory Hg monitoring and load reduction programs.
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